Abstract -Changes in marine species abundance can impact ecosystems' stability and sustainability of fisheries. In the eastern Atlantic Ocean, harbour seals (Phoca vitulina) are top predator occupying highest trophic level in coastal marine food webs. Although, the overall European population decline, harbour seals have increased dramatically since the 1990's at the southern limit of their European distribution along the French coast of the English Channel. However, little is known about the feeding habits of the expanding peripheral populations limiting the assessment of the role and the impact of this predator in these coastal ecosystems. Here, we investigated the sex-specific diet of harbour seals during summer in the Bay of Somme, the largest colony in the English Channel. We collected 91 faecal samples from haul-out sites mainly used by harbour seal but also by few grey seals. Molecular methods have been used to discard grey seal samples and differentiate gender. Collectively, the 86 faecal samples of harbour seals contained the remains of 3327 prey belonging to at least 13 fish species, and represented ∼109 kg of consumed fish (of which 85% were soles and plaices). Most of the fish consumed were juvenile and small flatfish (Buglossidium luteum, Microchirus variegatus, Solea vulgaris, Pegusa lascaris, Pleuronectes platessa and Platichthys flesus). Hard-part identification further showed a similar diet between the sexes in terms of primary prey consumed, but a greater diversity of preys in the male diet. The dependence of harbour seals on flatfish has not been reported elsewhere and has significant implications for the sustainability of the important flatfish nursery in the Bay of Somme. Consumption estimation and ecosystem modelling are now required to provide robust assessment of the effect of harbour seal predation on population dynamics of the flatfish nursery, on ecosystem of the Bay of Biscay at-large, and finally on interactions with fisheries.
Introduction
Environmental and human pressures impact on the distribution and abundance of marine species (Cheung et al. 2009 ); such impacts have effects on biodiversity, ecosystems' stability and sustainability of fisheries (Brander 2007; Pereira et al. 2010) . Trophic interactions are often complex within marine food webs, hence important changes occurring on the abundance of one species, either a prey or a predator, induced generally cascading trophic effects affecting different trophic levels of an ecosystem (Pace et al. 1999) . For instance, marine top predators influence the structure of prey community (Heithaus et al. 2008) , and conversely, variability in prey availability a Corresponding author: jspitz@univ-lr.fr influence the population dynamics of predators (Trites and Donnelly 2003) .
Seals are important top predators in marine ecosystems and potentially compete with fisheries (e.g., Gulland 1987; Bowen 1997) . Both operational and biological interactions can existed between seals and fisheries (Wickens et al. 1992) . Operational conflicts occur during fishing operations when seals directly depredate commercial species in fishing gears or damage fishing equipment. Operational interactions also include injury or mortality due to accidental by-catch or entanglement in fishing gears, or to intentional interactions from fishermen. Biological conflicts include direct competition for shared prey species, indirect competition impacting food web dynamics, dispersal of fish parasites or seal disturbance in sensitive areas. Harbour seals (Phoca vitulina) in the eastern Atlantic number between 113 450-134 420 animals (Bjorge et al. 2010) and have a core distribution that stretches from South Scandinavia to Ireland and the United Kingdom. However, their overall numbers have been declining since the 1990's (Wilson and Montgomery-Watson 2002; Lonergan et al. 2007 ). Food shortage due to overfishing for sandeels in the North Sea and competition with others species, especially grey seals, Halichoerus grypus, is the main suspect cause to explain this decline (Tollit and Thompson 1996; Brown et al. 2001; Sharples et al. 2009 ). Other possible explanations for the population decline include disturbance, pollution, pathogens and predation by killer whales (Mitchell and Kennedy 1992; Härkönen et al. 2006; Bolt et al. 2009; Hall and Frame 2010) .
In contrast to the population declines occurring in their distributional core, harbour seals have been increasing at colonies at the southern limit of their European range along the French coast of the English Channel. Maximum numbers counted along the French coast have increased more than 10-fold from 1990-2008 (Hassani et al. 2010) , suggesting a distributional population shift away from the core to the edge of the range.
The largest harbour seal colony in the English Channel is located in the Bay of Somme. This bay is situated on the northwestern coast of France (Fig. 1) , and is a large productive macrotidal ecosystem of 70 km 2 characterized by large sand banks that are submerged at high tide and used by the seals to haul out at low tide. The numbers of seals residing in the Bay of Somme has risen from ∼10 animals in the early 1990's, to a maximum of 186 in 2008 (Hassani et al. 2010), and 370 in 2012 (Dupuis, unpubl. data) . Increasing numbers of grey seals have also become resident to the bay (Dupuis, unpublished data). At the same time, around fifty small fishing units exploit the Bay of Somme from three different harbours: Le Crotoy, Saint-Valérie-sur-Somme and Le Hourdel. The main target fish are sole (Solea solea) and plaice (Pleuronectes platessa) but Total  2002  1  1  2003  3  3  2007  3  1  4  2008  16  1  17  2009  8  8  2010  12  2  14  2011  13  26  39  Total  40  43  3  86 detailed fishery statistics including also recreational fishery activities are unavailable at the scale of inshore waters of the Bay of Somme (e.g., Lemoine and Giret 1991; Carpentier et al. 2009 ). Nevertheless, the Bay of Somme is identified as a major sole and plaice nursery on the Eastern Channel (Riou et al. 2001) and no particular trend appeared affect the exploited fish community in the early 2000's (Rochet et al. 2005) . The aim of our study was to describe the diet of harbour seals in the Bay of Somme. Such quantitative results are central to further evaluate and monitor the effect of harbour seals on the trophic food web of the Bay of Somme including competition with local fisheries. We therefore identified and measured prey remains recovered from faecal samples (scats) of seals collected on sand banks used at low tide during summer. We also conducted molecular analyses to investigate sex differences in diet, and to ensure that the collected scats were from harbour seals and not grey seals.
Materials and methods

Seal species identification from scat collection
A total of 91 scats were opportunistically collected at haulout sites during summer (Table 1) and stored frozen at -20
• C until laboratory analyses. All haul-out sites that are submerged at high tide are sand banks located inside the bay. The precise location of sand banks varied within years.
DNA was extracted from the scats using the NucleoSpin Soil extraction kit (Macherey-Nagel). Briefly, 20-50 mg of faecal material was removed from the outside of the scats and added to a mixture of lysis buffer and beads to improve the lysis. After a brief vortex and incubation (5 min, 4
• C), the extract was centrifuged 1 min at 11 000 g and the supernatant was purified as described by the supplied protocol and eluted in 20 μl of elution buffer. Quality and quantity of DNA was checked with a NanoDrop 1000 spectrophotometer (ThermoScientific). To differentiate grey seal from harbour seal samples we adapted the method developed by Masland et al. (2010) ; 50 to 100 ng of DNA were amplified by PCR in 50 μl volume with 1.5 mM MgCl 2 , 10X aq buffer, 1.5 U Taq DNA Polymerase (VWR), 0.2 mM of each dNTP and 0.2 mM of each primer (PINNL and PINNR described in Masland et al.) . Amplification was performed in a TC5000 (Techne) with the following cycling parameters: 95
• C for 3 min followed by 35 cycles of 95
• C for 30 s, 56
• C for 30 s and 1 min for 72
• C, followed by 72
• C for 7 min. The amplified portion of mitochondrial 16S ribosomal DNA was then digested with the restriction enzyme MluCI (isochizomer of Tsp5091 initially used in Masland et al.) to obtain diagnostic banding patterns. Digestion was performed at 37
• C for 3.5 h in 20 μl volume with 16 μl amplicon, 20 U MluCI enzyme and 10X buffer followed by inactivation of enzyme 20 min at 80
• C. Digested products were then checked by electrophoresis in a 3% agarose gel (3:1 Agarose NuSieve, Tebu-bio) 80 V for 1 h followed by 100 V for 2 h (Fig. 2) . Sex was determined by amplification of the conserved region of the SRY gene according to Reed et al. (1997) . Conditions of amplification were the same as those used for species identification.
Diet analysis
Quantification of diet from scat analysis followed procedures generally used for pinnipeds (Pierce and Boyle 1991; Ridoux et al. 2007; Spitz et al. 2010) . Scat samples were washed through a 0.2 mm mesh size sieve to remove prey hard parts (otoliths and bones), which were later identified to species level using available keys and guides (Härkönen 1986; Tuset et al. 2008) as well as our reference material. Some taxonomically close species have similar otoliths which we were unable to differentiate, such as yellow versus thickback soles (Buglossidium luteum and Microchirus variegatus), common versus sand soles (Solea vulgaris and Pegusa lascaris) or within plaice species (Pleuronectes platessa and Platichthys flesus); these twin species have been pooled. Diet composition was quantified by frequency of occurrence (number or proportion of scats containing a given prey taxon), relative abundance (number or proportion by number of individuals belonging to a given prey taxon over all samples) and reconstituted body mass (mass or proportion by mass of a given prey taxon over all samples). A prey species was considered present in a sample when at least one diagnostic part was found. The total number of food items was estimated as the highest number given either by half of paired structures (otoliths, operculum, dentary, premaxillary bones) or total number of impaired structures (parasphenoid). Otoliths were measured following standards (otolith length and otolith width). Otolith measurements were then converted to total body length and individual body mass by using available allometric relationships (Härkönen 1986 ). The reconstituted mass of each prey taxon represented within each scat sample was estimated by averaging the individual body masses of prey in that sample (based on the size of otoliths) and multiplying this by the number of individuals of the same taxon in the same sample.
Confidence intervals (95% CI) for the percentages by number and mass were generated for each prey species by bootstrap simulations of sampling errors (Reynolds and Aebischer 1991) written using R (R Development Core Team 2008). Random samples were drawn with replacement, and the procedure was repeated 1000 times. The lower and upper bounds of the 95% CI were the 25th and 975th values previously ranked in increasing order. Possible biases influencing the reconstituted prey body size related to the digestive erosion of otoliths were not estimated.
Dietary overlap between male and female seals
The dietary overlap (O) between male and female seals in mass and in number was obtained using the Pianka index (Pianka 1974) , which ranges from 0 (no overlap) to 1 (complete overlap); values greater than 0.5 are considered to indicate a high overlap. The Pianka index was calculated as follows:
where p iA is the percentage by mass or by number of the prey i found in the diet of male seals, and p iB is the percentage by mass or by number of the prey i found in the diet of female seals.
Results
Seal species assignment
Seal DNA was successfully extracted and amplified in 77% of samples. Among these 70 scats, only 5 samples (<7%) were from grey seals; we attributed the 21 unassigned scats to harbour seal assuming the probability of having grey seal samples is low. Within the harbour seal-designated scats (n = 86 scats), the proportion from males was slightly higher (54%) than females (46%).
Dominant preys in summer
The diet of harbour seals in Bay of Somme during summer consisted solely of fish, no cephalopod or large crustaceans were found. A total of 3327 individuals were identified from at least 13 different species of fish. These accounted for a total reconstructed biomass of about 109 kg. However, only flatfish species and dragonets constituted a significant proportion of the harbour seal diet, with 97% of the ingested biomass comprising only four prey types (Table 2) . Soleids were the most dominant prey in the harbour seals' diet. Yellow and thickback soles ranging in size from 4.2-23.5 cm (Fig. 3) were found in 77% of samples; they represented 38% of the reconstructed ingested biomass (%Mass) and 49% of the prey relative abundance (%Number). Common and sand soles (6.3-35.6 cm, Fig. 2) were the second most important group with 27% of the ingested biomass, 12% of the relative abundance and found in 60% of samples. Plaice (4.8-34.3 cm) were the third most important prey with 19% of the ingested biomass, 16% of the relative abundance and found in 74% of samples. Finally, dragonets Callionymus lyra (5.5-24.5 cm) were the fourth most important prey, reaching 12% of the ingested biomass 19% of the relative abundance and found in 54% of samples.
Importance of juvenile fish in the diet of male and female seals
Harbour seals in the Bay of Somme fed mainly on small fish (average body size 14.5 ± 4.8 cm and 57 ± 87 g) that ranged from a 1.8 cm (<1 g) goby to a 46.4 cm (874 g) mullet.
However, fish <20 cm accounted for 92% of the diet (based on numbers consumed), and individuals 10-18 cm accounted for 70% of the diet (Fig. 4) .
Sex variations in diet composition appeared to be fairly limited in summer (Fig. 5) . Male and female diets were very similar, the dietary overlap, as estimated by the Pianka index, revealed a high degree of overlap in number (0.85) and mass of prey consumed (0.94). Males and females had similar diets in terms of the primary prey consumed, but the diversity of species consumed was higher for males (13 different prey species) than for female (9 prey species). Hence, almost all prey species of secondary importance were found in the scats from the male seals. Males also consumed the largest individuals in an array of different prey species.
Discussion
The Bay of Somme is home to one of the southernmost permanent harbour seal colonies in the north-east Atlantic. The summer diet of harbour seals in this southern portion of their range was dominated by a single prey profile consisting of juvenile and small flatfish. Sole and plaice collectively represented more than 85% of the consumed biomass. No cephalopod or crustaceans were present, and almost no pelagic species were eaten. Diets were similar between male and female seals. However, seasonal variations can occur in the diets of harbour seals (e.g., Tollit and Thompson 1996; Brown et al. 2001; Vikingsson et al. 2003; . Our sampling was limited to summer, and harbour seal diet exhibited probably some seasonal variations in the Bay of Somme. Thus, our results should be treated with caution when used for other seasons.
Several methodological limitations are inherent to scat analysis (reviews: Pierce and Boyle 1991; Bowen and Iverson 2013) . Firstly, sample sizes can affect the representativeness of diet description using scat analysis. Here, the Bay of Somme seal population is a smaller colony compared to those from the core areas further north, and is characterized by the absence of haul-out sites that can be used by the seals at high tide. Samples must therefore be gathered from tidally washed area, which makes obtaining large collections of scat samples difficult over a realistic period of time. Our sample size was nevertheless comparable to previous studies conducted on small seal colonies (Pierce and Santos 2003; Ridoux et al. 2007; Kavanagh et al. 2010 ) and appears to describe satisfactory the average summer diet of harbour seal in this colony (Trites and Joy 2005) . Secondly, a characteristic of scat samples is that the remains used to describe the diet are made up of digested material, and digestion can cause some biases in the quantification of ingested prey. In our study, all of the scats we collected were fresh, which meant that the species of prey we recovered reflected the feeding activity during the day prior to sampling. Extensive literature has reported on biases associated with prey-specific transit times in the digestive tract and differential erosion of diagnostic parts affecting the numbers and sizes of hard parts recovered in scats, digestion process may impact the probability that a prey eaten is recovered and the ability to back-calculate original prey body size. In a simple way, such biases are evidenced since prey with large hard parts may be overestimated, and on the contrary prey with small hard parts may be underestimated. Moreover, seals have been sometimes observed to feed mostly flesh on very large prey individuals limiting their detection in hard part remains. We fully acknowledge these usual potential biases in scat analysis. Further development of next-generation sequencing to characterize food DNA from scats could in the future allow to obtain more accurate quantification of seals' diet (Thomas et al. 2014) .
Keeping the limitations of scat analysis in mind, our data provide the first insights into the feeding ecology of harbour seals from the largest colony along the coast of English Channel at the southern limit of their European distribution. These baseline data contribute to assessing the role of harbour seal in the Bay of Somme ecosystem, including potential interactions with fisheries, and comparisons with other sites within the distributional range of harbour seals.
Seal diet variability in Europe
Diets of harbour seals have been described for many colonies across Europe and have been shown to vary geographically (review: Spitz et al. 2010) . Sandeels mostly dominate the diet of the harbour seal in Scotland including Hebrides and Shetland islands (Tollit and Thompson 1996; Pierce and Santos 2003; Sharples et al. 2009 ). Gadids mostly prevail elsewhere in Europe (England, Ireland, Denmark Iceland and Norway) in addition to flatfish and/or clupeids (Härkönen 1987; Olsen and Bjørge 1995; . The wide geographic variation in diet likely reflects the geographic distribution of prey species and the foraging strategy of harbour seals. Harbour seals generally forage year-round within ∼10 km of their haul-out sites (Thompson 1993; Lowry et al. 2001; Vincent et al. 2010) . Hence, their diets likely reflect local prey availability.
The three harbour seal colonies located along the French coast of the English Channel (from north to south: Bay of Somme, Bay of Veys and Bay of Mont-Saint-Michel) are at the most southern colonies of its European range. The diet of seals in the Bay of Somme was strikingly different from that of the seals in the nearest colony to them in the Bay of Veys (∼200 km away in the English Channel). The two bays are flatfish nurseries and appear to exhibit close adult demersal fish assemblages including flatfish, mullets, gobies, dragonets (e.g., Beillois et al. 1979; Riou et al. 2001; Lorance et al. 2009; Selleslagh et al. 2009 ). However, diet in the Bay of Veys consisted of large fish and were dominated by mullets (49% of consumed biomass; Spitz et al. 2010) . The average body size of prey consumed was 26.2 cm in the Bay of Veys compared with 14.5 cm in the Bay of Somme. This difference in dietary specialization likely reflects the use of restricted foraging areas around haul-out sites (Dietz et al. 2013 ) and the ability of harbour seal to adapt their foraging strategies and diet according to local variations of prey field. It also points to the need to express diets of harbour seals at colony levels rather than at a species level. In addition to difference in local prey availability, the low prey diversity in diet composition within each colony and the high dietary differences among colonies also suggests foraging traditions within harbour seal colonies. Parental and alloparental investments in learning foraging techniques could occur during the lactation period where harbour seal pups go with their mother at sea. Comparatively, female grey seals interact exclusively on land with their pups and adults undertake long foraging trips exhibiting considerable individual dietary specialisation (Vincent et al. 2005; Tucker et al. 2007) .
We investigated possible sex-specific differences in the diet of harbour seals. In the Bay of Somme, our study suggested the absence of major sex-specific differences in the diet of harbour seal, a slight increase of prey diversity was suspected for males. Sex-differences in the diets have been reported for several pinniped species such as Steller sea lions (Eumetopias jubatus), South American sea lions (Otaria flavescens) and grey seals (Alonso et al. 2000; Beck et al. 2007; Trites and Calkins 2008) . For harbour seal, dietary sex differences have been revealed in north Pacific by analysis of fatty acid signatures in seal blubber, suggesting also a higher prey diversity in the diet of male (Bromaghin et al. 2013 ). Dimorphism, life-history and foraging strategies or segregation of feeding areas have been proposed to explain these dietary differences.
Trophic web implications
Near-shore waters and estuaries provide many important functions in coastal ecosystems. These areas are extremely productive and support important biodiversity (Beck et al. 2001) . These near-shore habitats also often serve as nurseries for juvenile fish or invertebrate species, and can consequently be intensively exploited by diverse predator populations, including fish, birds and seals (Leopold et al. 1998; Hiddink et al. 2002) . Such top predators (as with fisheries) can induce cascading effects on different trophic levels of an ecosystem and can influence the structure of prey communities (Pace et al. 1999; Heithaus et al. 2008 ) and the sustainability of fisheries (Brander 2007; Pereira et al. 2010) .
The Bay of Somme is a macrotidal ecosystem that supports an important flatfish nursery and high densities of plaices and soles (Riou et al. 2001; Selleslagh et al. 2009 ). Our results suggest that the colony of harbour seals residing here is dependant on this resource, at least seasonally. However, we were unable to evaluate whether the seals evoke bottom-up effects or top-down forcing within the trophic food webs of the Bay of Somme. Predicting the consequences of changes in flatfish nursery productivity and seal abundance will require understanding the dynamic relationship between harbour seals and juvenile flatfish. Previous ecosystem modelling suggests that the Bay of Somme is an ecosystem that has not yet reached maturity and may be sensitive to possible disturbances (Rybarczyk et al. 2003) , such as from the growing seal population. Thus, further studies on the annual prey consumption by harbour seals combined with the dynamics of juvenile flatfish abundance are needed to improve trophic food web analyses of the Bay of Somme, and allow for different management scenarios to be assessed.
Potential for conflict with local fisheries
The recent and rapid increase of the seal population in the Bay of Somme is negatively perceived by local fishermen who largely express their discontent and their concern through the media. Interactions between seals and fisheries are indeed complex and generally hard to disentangle. Seals are often accused of having an economic impact on fisheries by depredating and damaging fishing gears and by reducing the availability of commercial species (Gulland 1987; Butler et al. 2011) . Salmon or cod fisheries are the longest history of conflict with local seal populations in Canada or in Scotland where a direct competition for high valued species exists (e.g., Butler et al. 2006; Trzcinski et al. 2006; Lance et al. 2012) . Nevertheless, direct effects of marine mammals' predation on the potential catch by fisheries are rare (Morissette et al. 2012 ). In the Bay of Somme, our results suggested that harbour seals target mostly on species of low or no commercial values or young individuals greatly below the commercial length (24 cm for common sole and 27 cm for plaice; Fig. 3 ). Hence at present, the potential for direct competition with local inshore fisheries seems limited. Here, our quantitative data on diet composition is the first step to assess the potential interactions between seals and fisheries in the Bay of Somme. Further steps should evaluate the indirect impact of seal consumption by ecosystem modelling, the spatial overlap between local fisheries and seal foraging areas by the use of telemetry data, and the operational interactions (depredation, damage, by-catch) by onboard observations and interview survey of fishermen. Notably, the nature and strength of interactions with fisheries in Bay of Somme are probably different according to seal species (harbour or grey seals). Hence, factual data are urgently required to provide a robust assessment of biological and operational interactions to solve, or at least reduce, the growing conflict between seals and fishermen along coast of English Channel.
